We apply 8−band k.p model to study InAs/GaAs quantum dots (QDs
Introduction
The nanometer−sized semiconductor quantum dots (QD) can be grown in the Stranski−Krastanow mode using mole− cular beam epitaxy (MBE) or metal−organic chemical vapour deposition [1, 2] . These techniques can be applied to fabricate different sizes and shapes of InAs quantum dots grown on GaAs substrate [3] . After a critical thickness of 1.7 monolayer (ML) is reached [4] , nanometer scale islands of InAs with the pyramidal geometry are formed spontane− ously and a thin wetting layer is left under the islands. The driving force for this formation of QD is the elastic energy associated with the InAs/GaAs lattice mismatch [5] . In this method, defect−free quantum dots can be fabricated without process of lithography and etching. The island size and den− sities can be controlled by varying growth parameters and growth rate [6] . Electrons and holes can be confined within QD of size 10 nm or less. The presence of strain signifi− cantly changes the electronic structure of QD states [7, 8] , resulting in a very promising low threshold current density and high characteristic temperature T 0 [9] . The potential applications of such QD systems include high yield lasers and single−electron devices [10] , especially VCSELs with InAs QD active regions are attracting an increasing level of interest due to their potential application in low−cost optical communications and optical interconnects [11] .
For better understanding and modelling of the electronic properties of QDs in VCSELs structure for its applications, knowledge of electronic structure and optical transitions are important. Theoretically, the effective−mass envelope−func− tion theory is applied to calculate the electron and hole energy levels at the k = 0 point, and to investigate the distri− bution of electron and hole wave functions along the growth and parallel directions, and the optical transition spectra of strained InAs/GaAs quantum dots [12] . In this paper, we apply 8−band k.p model which includes the coupled conduc− tion and valence bands, and orbit−splitting to study InAs/ GaAs QDs in which InAs is capped by In 0.15 Ga 0.85 As. The strain was calculated using the valence force field (VFF) model which includes the four nearest−neighbour interac− tions [13] . For the optical properties, we take into account both homogeneous and non−homogeneous broadening for the optical spectrum [14] . The homogeneous broadening with a width of a single dot is proportional to the polariza− tion dephasing rate, while the inhomogeneous broadening of the quantized energies is due to size fluctuation of the quantum dots. Our simulation result is in good agreement with the experimental μ−PL result which is from InAs/GaAs QD−VCSELs structure wafer at room temperature. As we know, the features of QD−VCSELs should be dissimilar under different ambient temperature, which is commonly believed to be due to the detuning between the gain spectra and the cavity resonance wavelength. The prediction of QD emission wavelength and width of the emission spectrum at different temperature by the abovementioned model has a realistic significance for design optimization of QD− −VCSELs with a desirable operating temperature range (OTR) and an acceptable temperature−insensitivity. Conse− quently, QD emissions from this QD−VCSELs structure wafer at different temperature ranging from 200-400 K are simulated, which show a decrease of 41 meV of QD GS transition energy from 250-350 K. QD gain and differential gain are also calculated which are useful for the study of dynamic features of QD−VCSELs.
Theoretical model
For In 0.15 Ga 0.85 As capped InAs/GaAs lens−shaped quantum dot, we assume that the lens axis is along the direction of positive z direction, and the two−monolayer wetting layer is in the x−y plane. The radius of the base is about 10.2 nm, and the height is about 6.2 nm. Above the wetting layer, there is In 0.15 Ga 0.85 As capping layer with thickness of 7.9 nm. This capping layer alleviates the strain between the mismatched InAs/GaAs, and material quality can be improved. The schematic of QDs region structure is shown in Fig. 1 .
Because the QDs are assumed to grow along the [001] direction, we do not include piezoelectric effects in our simu− lation. The detailed ten−band Hamiltonian is in Ref. 15 and the parameters are from Refs. 16 and 17. The strain distribu− tion is considered and calculated by the VFF model. The detailed calculation and parameters can be found in Ref. [18] [19] [20] . The detailed calculation of optical gain, including both homogeneous broadening and inhomogeneous broa− dening, is in Refs. 14 and 15.
Experiment
InAs quantum dot VCSELs structure wafer was used for experimental comparison. We employed the edge−excita− tion and edge−emission (EEEE) μ−PL technique to deter− mine the precise QD luminescence spectra at room tempera− ture within an as−grown QD−VCSEL structure [21] . In this way, the influence of distributed Bragg reflectors (DBRs) in QD−VCSEL structure can be eliminated completely. Be− sides, we did not find distinct polarization difference bet− ween EEEE μ−PL technique with conventional surface−exci− tation and surface−emission PL measurement although the directions of excitation and emission were changed [21] .
The InAs QD−VCSEL epitaxial wafers were prepared by MBE on n+−GaAs substrates. The epitaxial structure con− sists of QD's active region sandwiched in between top and bottom DBR mirrors. The 17 layers of InAs QDs include five groups QDs and two separated QD sheet layers. Each group of QDs consists of three sheets of QD and it was situ− ated around the antinode position of standing wave. Thẽ 6−nm−high QDs (nominal thickness of 0.8 nm) are grown directly on GaAs and capped by a~8 nm−thick In 0.15 Ga 0.85 As layer. The surface density of QDs is about 3×10 10 cm -2 . A 5−nm−thick undoped GaAs layer is grown after the InGaAs cap layer, followed by a 5−nm−thick p−doped GaAs layer which p−type modulation doping is expected to im− prove the hole thermalization and temperature insensitivity of the threshold current in QD lasers. The total 32−nm−thick GaAs spacer layers between QD layers are used for elimi− nating high strain accumulation in each QD layer which may lead to strain relaxation with the formation of misfit dislocations and degradation in optical properties [22] . The high resolution scanning electron microscopy (HR−SEM) image of cross section of QD layers in InAs QD−VCSEL epitaxial structure is shown in Fig. 2 .
The μ−PL measurements were carried out at room tem− perature (RT). An argon laser with a wavelength of 514 nm was used for excitation. The excitation beam was focused onto a spot with a diameter of several microns on the cross section of QD layers which is shown in Fig. 2 with the as−grown QD−VCSEL sample stand on edge for this EEEE μ−PL measurement. The emission spectra in PL measure− ments collected through the same microscope objective was Figure 3 shows the strain (e xx + e yy + e zz ) distribution in y−z plane in the middle of x axis at T = 300 K. The red colour denotes positive value, and blue colour denotes negative value. We can observe that the strains in InAs quantum dot is most compressive (negative), and the strains in GaAs bar− rier is positive. And the capping layer is the buffer region between QD and barrier. The side shape of QD is consistent with Fig. 1 . Above wetting layer, the In 0.15 Ga 0.85 As layer covers the InAs QD, and the strain in this region is less com− pressive which works like a buffer between InAs QD and GaAs barriers. In our VFF and k.p calculations, this capping layer is handed particularly in such a way that the atoms in the capping layer are considered as one material virtually whose properties and parameters are calculated by linear interpolation. From our simulated results, Fig. 4 shows the ground state of electron C1 and the ground state of hole H1 from T = 200 K to T = 400 K. The reference energy level is always the valence band maximum of barrier for all the tempera− tures. When temperature increases, both C1 and H1 decrease, and C1 decreases faster, so the C1−H1 transition energy decreases. At T = 300 K, the first excitation transi− tion energy is about 988 meV which corresponds to the wavelength of 1255 nm.
Results and discussion
From μ−PL spectrum of QD layers, distinct ground state (GS) and excited state (ES) transition peaks can be seen in Fig. 5 . The QD ground state (GS) transition peak is about 1262 nm. Because the QD is under compressive strain in which the TE mode (polarized in x or y direction) is much greater than the TM mode (polarized in z direction), in the simulation, we only show TE mode in the PL and gain cal− culations. We can calculate the spontaneous emission rate theoretically, and compare with the experimental PL inten− sity result also in Fig. 5 . It shows at 300 K, the first excita− tion transition energy of simulation result agrees well with experimental result and the second transition energy is slight higher than experimental result (after multi−peaks fit− ting), which is also reasonable. In our simulation, we take into consideration of inhomogeneous broadening due to size fluctuation. We can think this nanostructure model is suit− able for the simulation of optical properties of InAs/GaAs QDs in this kind of VCSELs structure. Accordingly, the temperature−dependent spontaneous emissions of QDs are calculated. Figure 6 shows simulated spontaneous emission spectra of QDs from 200-400 K. We find the QD GS transi− tion energy decreases from 1008 meV to 967 meV, corre− sponding to emission peak wavelength increases from 1230 nm to 1282 nm with temperature from 250-350 K. The average red shift rate of the QD GS transition peak is about Fig. 3 . Strain distribution in y−z plane in the middle of x axis at T = 300 K. 0.52 nm/K from 200-400 K. As we know, in VCSELs, the gain spectrum shifts distinctly more rapidly than the cavity modes. The corresponding gain peak is approximately con− sidered to shift~50 nm between 250-350 K. In consider− ation of the full width at half maximum (FWHM) of emis− sion spectra of 50-60 nm in Fig. 6 , the detuning between gain spectra and the cavity resonance wavelength can be accepted within a wide range even if the shift of cavity reso− nance range in the same direction is small (less than 0.1 nm/K) with the temperature from 250-350 K. The selective cavity mode position from DBRs cavity structure and the adequate QD gain from epitaxy growth [because higher temperatures result in lower gains (as shown in Fig. 6 ) and higher optical losses] will be important to achieve the desir− able lasers which can work well over a wide range of tem− peratures without temperature controller. Consequently, optimized design for QD−VCSELs with a wide OTR can be made according to the red shift rate of the QD GS transition peak as well as shape and FWHM of emission spectra simulated on the present nanostructure model. QD material gain under different carrier densities at room temperature is calculated and presented in Fig. 7 . Optical gain is found to be saturated at the carrier density of 5×10 18 /cm 3 . Differential gain vs. carrier density which partly determines the resonance frequency is also shown in Fig. 7 . The dis− tinctly high differential gain at a low carrier density indicates a possible high modulation bandwidth for the QD−VCSELs provided external frequency response of QD−VCSELs is not restrained. Besides, the simulated differential gain is impor− tant in understanding and optimizing the ultrafast carrier dy− namics in mode−locked quantum−dot vertical external cavity surface emitting lasers (QD−VECSELs) as well as mode−loc− ked quantum−dot edge emitting lasers [23] .
Further experimental investigation concerning tempera− ture dependent QD spontaneous emission spectra, QD gain and differential gain spectra will be implemented to refine this theoretical model.
Conclusions
We apply 8−band k.p model to study InAs/GaAs QDs in a VCSEL structure. The strain was calculated using the VFF model which includes the four nearest−neighbour interac− tions. For the optical properties, we take into account both homogeneous and non−homogeneous broadening for the optical spectrum. Our simulation result is in good agreement with the experimental micro−photoluminescence (μ−PL) result which is from InAs/GaAs QD−VCSELs structure wafer at room temperature. The spontaneous emission spec− tra of QDs from 200-400 K are subsequently simulated by our nanostructure model. A decrease of 41 meV of QD ground state transition energy from 250 K to 350 K and FWHM of emission spectra of 50-60 nm can be predicted. From the simulation results, optimized design rules can be achieved for QD−VCSELs with a wide OTR. Furthermore, QD material gain and differential gain dependence on car− rier density at 300 K are calculated and presented, which has potential significance for the predicting modulation charac− teristics QD−VCSELs or ultrashort pulse generation of QD lasers.
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